Introduction {#Sec1}
============

The wide range of industrial applications of lithium-ion batteries (LIBs) initiated extensive research on existing battery elements and also the development of new and alternative materials \[[@CR1]--[@CR3]\]. The three main components of an LIB are the anode, the cathode, and the electrolyte. The process of lithium migration into the anode or cathode is referred to as insertion, and the reverse process, in which lithium moves out of the electrode, is referred to as release. Tin-based intermetallic compounds attracted the continuous attention of investigators due to the larger theoretical electrochemical capacity in the comparison with traditional graphitic materials \[[@CR4]--[@CR6]\]. Among the prospective metallic anode materials are Co--Sn or Co--Sn--C alloys, in which Sn is the main electrochemically active element and Co is responsible for the buffering of volume variations during the Li--Sn alloying--dealloying process \[[@CR7], [@CR8]\].

The available literature on the Co--Li--Sn system deals mostly with investigations of the electrochemical reactions of Li with Co--Sn compounds and the corresponding structural changes after initial charge and discharge \[[@CR9]--[@CR14]\]. Most of these authors studied either thin film or nano-crystalline materials. As a basis, however, a reliable and consistent description of the ternary Co--Li--Sn system would be desirable for an understanding of the interaction of Li with anodes based on Co--Sn alloys. To the best of our knowledge, no stable ternary Co--Li--Sn phase has been found in bulk ternary alloys. One of the approaches could be a CALPHAD-type extrapolation based on the known binary systems and supported by experimental thermochemical and phase diagram data for ternary alloys. For this purpose, enthalpies of mixing data for ternary liquid Co--Li--Sn alloys would be highly useful. Therefore, it is the aim of the present paper to investigate experimentally the enthalpies of mixing of liquid Co--Li--Sn alloys. In addition, the interaction parameters for binary Co--Li and ternary Co--Li--Sn systems are evaluated based on Miedema's model \[[@CR15]\] and an extended Redlich--Kister--Muggianu model \[[@CR16], [@CR17]\], respectively.

Literature review: Co--Li {#Sec2}
-------------------------

This system is one of the least investigated binary systems. To the best of our knowledge, no experimental thermodynamic data are available for the binary Co--Li system. Moreover, the literature data dedicated to investigations of Co--Li alloys are in considerable disagreement. For example, based on thermal expansion and magnetic measurements Hashimoto \[[@CR18]\] suggested a solid solubility of about 30 at. % Li in Co at the transformation temperature, which is in disagreement with Bonnemay et al. \[[@CR19]\] who reported a solubility of \<0.4 at. % Li. These latter authors reported also the existence of a phase with the stoichiometry Co~3~Li. Furthermore, based on X-ray studies of a Co--Li sample with equiatomic concentration, Magee \[[@CR20]\] found lines of an unknown phase that could not be identified. On the other hand, the predicted concentration dependence of the integral molar enthalpy of mixing based on Miedema's semiempirical model \[[@CR21]\] shows endothermic behavior over the entire concentration range instead of exothermic values that would be expected for compound-forming systems \[[@CR22]\].

Co--Sn {#Sec3}
------

Thermodynamic properties of the Co--Sn system are quite well investigated. Several studies are devoted to experimental measurements of the enthalpies of mixing \[[@CR23]--[@CR27]\], and several independent thermodynamic assessments of this binary system \[[@CR28]--[@CR31]\] were performed. In most cases, the authors indicated an S-shaped curve of the integral molar enthalpy of mixing, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta_{\text{mix}}{H}$$\end{document}$, versus concentration. However, the reported values of the molar enthalpy of mixing as well as their temperature dependence are highly contradictory. The most recent experimental determination of the mixing enthalpies of liquid Co--Sn alloys between 673 and 1,773 K was performed by Yakymovych et al. \[[@CR32]\]. These authors found a significant temperature dependence of the integral molar mixing enthalpy. In contrast to several of the previous experimental studies, the integral molar enthalpy of mixing shows exothermic behavior over the whole concentration range with less negative values at higher temperatures.

Li--Sn {#Sec4}
------

The enthalpies of mixing of liquid binary Li--Sn alloys were determined by several authors \[[@CR33]--[@CR37]\]. Experimental literature data of the heat of mixing did not reveal any temperature dependence. An extrapolated minimum of $\documentclass[12pt]{minimal}
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                \begin{document}$$x_{\text{Li}}$$\end{document}$ = 0.80 could be related with ordering phenomena in the liquid Li--Sn alloys. There are also several assessments of thermodynamic data of the Li--Sn system available, including crystallographic features \[[@CR38]--[@CR40]\]. Based on the available thermodynamic data the phase diagram of Li--Sn system was optimized using the CALPHAD approach \[[@CR39], [@CR40]\]. The most recent work regarding the Li--Sn phase diagram combines experimental data (XRD, DTA, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta_{f}{{H^{298} }}$$\end{document}$) with a critical evaluation of both thermodynamic and phase diagram information to a self-consistent calculated phase diagram \[[@CR41]\].

Co--Li--Sn {#Sec5}
----------

To the best of our knowledge, no experimental thermodynamic data are available for the ternary Co--Li--Sn system.

Results and discussion {#Sec6}
======================

The experimental data of six separate measurements are presented in Tables [1](#Tab1){ref-type="table"} (sections A, B, and C) and [2](#Tab2){ref-type="table"} (sections D, E, and F). The tables include information about the number of moles of pure metals dropped into the liquid alloys, drop enthalpy, starting values, and partial and integral molar enthalpies of mixing of investigated alloys.Table 1Partial and integral molar enthalpies of mixing of liquid Co--Li--Sn alloys along sections A, B, and C at 1,173 K; standard states: pure liquid metals; values on gray background refer to metastable liquid alloysDropped mole *n* ~*i*~/10^−3^ molMeasured enthalpy ∆*H* ~*Signal*~/J mol^−1^Partial molar enthalpyIntegral molar enthalpy*x* ~*i*~\*$\documentclass[12pt]{minimal}
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The Li--Sn alloys are in the liquid state over the whole concentration range at 1,173 K \[[@CR42]\]; therefore, the starting compositions on the Li--Sn side were chosen over a large concentration interval: Li~0.15~Sn~0.85~, Li~0.33~Sn~0.67~, Li~0.50~Sn~0.50~, and Li~0.75~Sn~0.25~. However, measurements along the section $\documentclass[12pt]{minimal}
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Experimental integral molar enthalpies of mixing were plotted versus concentration of Li or Co and are shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, respectively. The obtained results indicate that enthalpies of mixing in the investigated concentration range show exothermic behavior. The negative values of the integral molar enthalpy of mixing indicate preferred interactions between unlike kinds of atoms in the liquid state.Fig. 1Integral and partial molar enthalpy of mixing of liquid Co--Li--Sn alloys at 1,173 K for the sections A ($\documentclass[12pt]{minimal}
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Crossing the liquidus line entering into a multiphase field is usually indicated by a kink in the composition dependence of the integral molar enthalpy of mixing and by a corresponding change of the partial molar enthalpy values. Depending on the material dropped and the additional phases formed this change is more or less accompanied by a discontinuity. As an example, the course of the integral and partial molar enthalpies of mixing along section A (pure Co dropped into liquid Li~0.15~Sn~0.85~ alloy) is shown in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3The concentration dependence of the partial and integral molar enthalpy of mixing along section A ($\documentclass[12pt]{minimal}
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In this case no discontinuity but a clear kink followed by rather constant values appears in the course of the partial molar enthalpies of mixing. The constant partial values indicate a transition into a multiphase region, which occurred after a number of drops of Co into the liquid Li~0.15~Sn~0.85~ alloy. The corresponding points indicating the liquidus boundary were determined only based on the partial molar enthalpy of mixing data and added to Fig. [5](#Fig5){ref-type="fig"}. The values within the shadowed fields in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} are valid for compositions outside the homogeneous liquid phase.

For a mathematical description of the composition dependence of the integral molar enthalpy of mixing of liquid Co--Li--Sn alloys, the experimental data were subjected to a least-squares fit based on a Redlich--Kister--Muggianu polynomial \[[@CR16], [@CR17]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta_{\text{mix}}{H} = \sum\limits_{i} {\sum\limits_{j > i} {\left[ {x_{i} x_{j} \sum\limits_{v} {^{v} L_{i,j}^{H} \left( {x_{i} - x_{j} } \right)^{v} } } \right]} } + x_{i} x_{j} x_{k} \left( {^{(0)} L_{i,j,k}^{H} x_{i} +^{(1)} L_{i,j,k}^{H} x_{j} +^{(2)} L_{i,j,k}^{H} x_{k} } \right)$$\end{document}$$where *i*, *j*, *k* are equal to 1, 2, 3 for the elements Co, Li, and Sn, respectively; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{v}L_{i,j}^{H} \left( {v = \, 0,{ 1},{ 2}, \ldots } \right)$$\end{document}$ are the interaction parameters of the three binary systems; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{\alpha }L_{i,j,k}^{H} \left( {\alpha = \, 0,{ 1},{\text{ and 2}}} \right)$$\end{document}$ are three ternary interaction parameters; *x*~*i*~, *x*~*j*~, *x*~*k*~ are the mole fractions of ternary alloys. For this evaluation, it is necessary to know the interaction parameters $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{v}L_{i,j}^{H}$$\end{document}$ of the binary subsystems which are available in literature for the systems Li--Sn and Co--Sn \[[@CR32], [@CR36]\].

Since no literature values are available for the Co--Li system, the corresponding integral molar enthalpy of mixing was estimated using Miedema's model \[[@CR44]\] similar to Refs. \[[@CR45], [@CR46]\]:$$\documentclass[12pt]{minimal}
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The parameter values used for the evaluation of the Co--Li system were taken from Niessen et al. \[[@CR22]\], and the molar volume values *V*~*i*~ were taken from Iida and Guthrie \[[@CR47]\]. All binary and ternary interaction parameters are listed in Table [3](#Tab3){ref-type="table"}.Table 3Binary and ternary interaction parameters in liquid Co--Li--Sn system at 1,173 KSystemLiteratureInteraction parameters/J mol^−1^Co--LiPresent work$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{0}L{}_{\text{Co, Li}}^{H}$$\end{document}$ = 31,822.096$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}L{}_{\text{Co, Li}}^{H}$$\end{document}$= 971.211Co--Sn\[[@CR32]\]$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{0}L{}_{\text{Co, Sn}}^{H}$$\end{document}$ = −30,032.9453$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}L{}_{\text{Co, Sn}}^{H}$$\end{document}$ = −12,595.8043Li--Sn\[[@CR36]\]$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{0}L{}_{\text{Li, Sn}}^{H}$$\end{document}$ = −111,137$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{0}L_{\text{Li, Sn}}^{H}$$\end{document}$ = −89,726Co--Li--SnPresent work$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{0}L_{Co,Li,Sn}^{H}$$\end{document}$ = 1,240,537$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}L_{Co,Li,Sn}^{H}$$\end{document}$ = −295,725$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{2}L_{Co,Li,Sn}^{H}$$\end{document}$ = −216,998

Based on Eq. ([1](#Equ1){ref-type=""}) the integral molar enthalpies of mixing were calculated for the investigated ternary composition range. Calculated integral molar enthalpy curves for all sections have been plotted and are shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. According to comparative analysis, the deviations between $\documentclass[12pt]{minimal}
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Figure [4](#Fig4){ref-type="fig"} shows isoenthalpy curves across the entire ternary composition range plotted in a Gibbs triangle. The values outside of the homogeneous liquid range at 1,173 K, which are shown as dashed curves, have to be considered as integral molar enthalpies of the metastable liquid phase. According to this plot, the ternary system shows an exothermic enthalpy minimum of approximately −35 kJ mol^−1^ in the Li--Sn binary system, and a maximum of approximately +10 kJ mol^−1^ in the Co-rich corner of the ternary system. Considering the rather small fully liquid region and the large area of extrapolated values, the latter ones are of limited significance.Fig. 4Isoenthalpy curves of liquid Co--Li--Sn alloys at 1,173 K; standard states: pure liquid metals. *Dashed lines* correspond to metastable liquid alloys

Further proof of the quality of our data is the good agreement of values from different experiments close to the three intersection points a, b, and c of the four concentration sections A and B with D and E (see Table [4](#Tab4){ref-type="table"}; Fig. [5](#Fig5){ref-type="fig"}). The maximum errors are \<1 kJ mol^−1^ which is satisfying taking into account the method applied and the delicate alloy system.Table 4Experimental values of the integral molar enthalpy of mixing at the intersection points **a**, **b**, and **c**IntersectionCompositionIntegral enthalpy of mixing^a^/J mol^−1^Eq. ([1](#Equ1){ref-type=""})$\documentclass[12pt]{minimal}
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Experimental {#Sec7}
============

The samples were prepared from cobalt foil (99.9+%, Alfa Aesar, Karlsruhe, Germany), tin ingot (99.998 %, Alfa Aesar, Karlsruhe, Germany), and lithium wire (99.8 %, Alfa Aesar, Karlsruhe, Germany). The lithium wire was cleaned in a supersonic bath in *n*-hexane and the solvent removed under vacuum in the glove box antechamber. The copper foil was treated under H~2~ flow at 473 K for 5 h to remove any oxide layers. The tin rods were cleaned with a piece of fine sandpaper before using. All operations with Li were performed in a glove box (M. Braun, LabMaster 130) with an atmosphere of purified Ar inside (O~2~ and H~2~O \<5 ppm each). Pieces of Li that were used for dropping into the calorimeter were placed into the drop chamber within the glove box which was then transferred to the calorimeter using an argon-filled plastic bag.

The measurements were performed with a high-temperature Calvet-type microcalorimeter HT-1000 (Setaram, Lyon, France). A detailed description of the experimental setup of this calorimeter was given by Flandorfer et al. \[[@CR48]\]. All experiments were performed under a continuous gas flow of pure Ar (approx. 30 cm^3^/min; 5 N, further purified from oxygen). Mo-crucibles (inner diameter 9 mm, length 80 mm) served as sample containers because Mo is inert against liquid Li at the investigated temperature range. The interval between individual drops was 40 min. The obtained signals were recorded with an acquisition interval of 0.5 s. Drops of NIST standard α-Al~2~O~3~ (National Institute of Standards and Technology, Gaithersburg, MD) were used for the determination of the calorimeter constant (calibration of the heat flow) at the end of each series of measurements. For the control of the experiments and the evaluations of the obtained data the programs LabView and HiQ were used. The measured enthalpy ∆*H*~Signal~ (integrated heat flow at constant pressure) is given by.$$\documentclass[12pt]{minimal}
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The integral molar enthalpy of mixing is calculated by.$$\documentclass[12pt]{minimal}
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The measurement temperature for the Co--Li--Sn system was 1,173 K, corresponding to the limit of safe handling of liquid Li. Furthermore, at higher temperatures Li-rich melts started creeping out of the crucible and reacting with the wall of the outer quartz glass tube. For the experiments, pieces of pure Li were dropped into Co--Sn mixtures with $\documentclass[12pt]{minimal}
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In addition, calorimetric measurements were also performed by the addition of pure Co to a mixture $\documentclass[12pt]{minimal}
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                \begin{document}$$x_{\text{Sn}}$$\end{document}$ ≈ 3:1 (two separate runs) and by addition of Co to pure liquid Li (four separate runs) at 1,173 K. From the results of these measurements, it had to be concluded that Co does not react with liquid Li or Li-rich Li--Sn alloys at 1,173 K. Thus, any further experiments in this composition range were abandoned.

Considering the numerous calibration measurements done by dropping NIST standard sapphire, the standard deviation can be estimated to be \<±1 %. The overall error of the measured enthalpy is about ±150 J.

Unfortunately, it was not possible to check the phases formed after the calorimetric measurements due to the rather rapid oxidation of the samples. Contrary to the filling of the drop chamber (see above), it takes some time to remove the crucible with the alloy from the calorimeter and transfer it to an oxygen-free environment. Therefore, X-ray diffraction measurements showed the presence of binary and ternary oxides in the alloys. Nevertheless, since any handling before and during the calorimetric measurements was done under purified argon it can be assumed that the obtained enthalpy values should be reliable.
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